Purpose: To develop and evaluate a phase-contrast MRI (PC-MRI) technique with hybrid one and two-sided flow-encoding and velocity spectrum separation (HOTSPA) for accelerated blood flow and velocity measurement. Methods: In the HOTSPA technique, the two-sided flow encoding (FE) is used for two FE directions and one-sided is used for the remaining FE direction. Such a temporal modulation of the FE strategy allows for separations of the Fourier velocity spectrum into components for the flow-compensated and the three-directional velocity waveforms, accelerating PC-MRI by encoding three-directional velocities using only two repetition times (TRs) instead of four TRs as in standard PC-MRI. The HOTSPA was evaluated and compared with standard PC-MRI in the common carotid arteries of six healthy volunteers. Results: Total volumetric flow and peak velocity measurements based on HOTSPA and the conventional PC-MRI were in good agreement with a bias of 20.005 mL (À0.1% relative bias error) for total volumetric flow and 1.21 cm/s (1.1% relative bias error) for peak velocity, although the total acquisition time was 50% of the conventional PC-MRI. Conclusion: The proposed HOTSPA technique achieved nearly two-fold acceleration of PC-MRI while maintaining accuracy for total volumetric flow and peak velocity quantification by separating the paired acquisitions in the Fourier velocity spectrum domain. Magn Reson Med 78: [182][183][184][185][186][187][188][189][190][191][192] 2017. V C 2016 International Society for Magnetic Resonance in Medicine
INTRODUCTION
Phase-contrast MRI (PC-MRI) has been used extensively for quantification of blood flow and velocity. In conventional PC-MRI, the flow-compensated (FC) and flowencoded (FE) data are acquired in an interleaved fashion, and the blood flow velocity is encoded in the phase difference between the FC and FE data. Although PC-MRI is typically performed with FE gradients applied in the through-plane direction using two-dimensional (2D) acquisitions (1) , the FE gradients can also be applied in more than one orientation, as in 2D tissue phase mapping (2,3) or four-dimensional (4D) flow PC-MRI (4). This permits capturing the blood flow or tissue motion along the slice, phase, and frequency encoding directions. For 4D-flow, however, the temporal sampling period (i.e., the time between two successive cardiac phases) is typically poorer (i.e., longer) than conventional 2D PC-MRI because of the need to acquire the FC data and three-directional (3D) FE data interleaved within each cardiac k-space segment. A long temporal sampling period and temporal footprint (i.e., the time span of the data used to reconstruct a single temporal phase) for PC-MRI underestimate peak velocity (5, 6) , which is an important index for diagnosis of carotid artery stenosis (7, 8) and pressure gradients across valves (9) . Temporal sampling period can be improved by reducing the views per segment (VPS, i.e., the number of k-space lines acquired for each cardiac phase per cardiac cycle), but this concomitantly increases the total image acquisition duration (10) .
Fast MRI techniques such as non-Cartesian sampling (11, 12) , parallel imaging (13) (14) (15) (16) , k-t space acceleration (17, 18) , compressed sensing (19) (20) (21) , and optimized gradient waveforms (22) have been developed to effectively reduce the total acquisition time of PC-MRI or to improve the temporal sampling period. The temporal sampling period may also be improved by several other techniques. A recently proposed shared velocity encoding (SVE) technique (5) uses interleaved two-sided velocity encodings and sliding window subtractions, which effectively shortens the temporal sampling period. However, the temporal footprint of each SVE cardiac phase is the same as traditional 2D PC-MRI. Furthermore, the implementation of the SVE technique for 4D-flow increases the temporal footprint (¼6*TR*VPS) compared with conventional 4D-flow (¼4*TR*VPS). The issue of temporal footprint is mitigated by the flow compensation view sharing (FCVS) technique (6) , in which the FC data are undersampled and view-shared based on the assumption that the FC background phase data do not temporally change as fast as the FE data.
In this work, we propose a PC-MRI strategy with hybrid one and two-sided flow encoding and velocity spectrum separation (HOTSPA). The HOTSPA technique consists of three components: 1) the velocity encoding gradient polarity, which alternates between successive cardiac phases for two of the FE directions (i.e., twosided flow encoding); 2) the velocity encoding gradient polarity, which remains one-sided along the remaining FE direction; and 3) the FC data, which are not explicitly acquired. The HOTSPA technique allows separations of the Fourier velocity spectrum (23) into components for the background phase (FC) waveform and the velocity waveforms along the three FE directions. Combinations of the acquired data enable 3D velocity calculations based on two acquired samples in the 3D space of gradient first moments (M 1 ) rather than four samples as in conventional 4D-flow techniques. We show that, compared with conventional 4D-flow, HOTSPA samples the hybrid M 1 -t space more efficiently by shortening the temporal sampling period and temporal footprint of 4D-flow acquisitions by 50%. For conventional PC-MRI sequence with three FE directions and one FC measurement (FC/3FE), temporal sampling period ¼ temporal footprint ¼ 4*TR*VPS, and for our HOTSPA technique, temporal sampling period ¼ temporal footprint ¼ 2*TR* VPS. In vivo results show that the HOTSPA technique achieves more accurate peak velocity measurements than conventional 4D-flow, with no substantial compromise in total volumetric flow quantification accuracy, all achieved within a shorter total image acquisition time than conventional 4D-flow imaging.
THEORY
HOTSPA uses a temporal modulation technique to discriminate between two overlapping signals. Consider a generic composite time signal hðtÞ ¼ f ðtÞ þ gðtÞ, in which f ðtÞ and gðtÞ. each has a spectral bandwidth B in the temporal frequency domain. In a conventional sampling strategy, the signal is sampled at certain time points specified by a sampling function SðtÞ ¼ P M À1 l¼0 dðt À lTÞ, such that hðtÞSðtÞ ¼ P MÀ1 l¼0 dðt À lTÞf ðtÞ þ P MÀ1 l¼0 dðt À lTÞgðtÞ, where dðÁÞ is the delta function, M is the number of samples, and T is the sampling period. The digital Fourier transform on the sampled signal is shown in Equation [1] :
[1]
In Equation [1] , F represents Fourier transform, Fðf Þ ¼ F½f ðtÞ, Gðf Þ ¼ F½gðtÞ; and Ã represents a convolution. It is clear that such a sampling strategy is not able to differentiate between f ðtÞ and gðtÞ, nor their respective spectra, as these two signals overlap in time and their spectra also overlap in the temporal frequency domain. However, we suppose that one can achieve a "special" sampling functionSðtÞ (it will be become clear later in the paper how this is achievable in PC-MRI), such that the polarity of the sampling function is alternated for signal gðtÞ only as shown in Equation [2] :
Compared with the sampling strategy SðtÞ in Equation [1] , the sampling function inSðtÞ for the f ðtÞ signal component remains the same as SðtÞ; however, the sampling function for the gðtÞ signal component carries a linear phase ramp of p per sampling period T. According to Fourier sampling theory, if one performs a Fourier transform on the sampled function hðtÞSðtÞ, the spectrum Gðf Þ will be shifted by 1=2T, whereas Fðf Þ remains centered around zero frequency. Hence,
A graphical representation of Equation [3] is shown in Figure 1 , and it is clear that Fourier transform of the sampled signal enables one to completely discriminate between f ðtÞ and gðtÞ, as long as T 1 2B . In fact, one can obtain the spectrum Fðf Þ simply by taking the M 2 points around the zero frequency of the composite spectra in Equation [3] , and the remaining M 2 points correspond to the spectrum Gðf Þ.
How to Achieve Temporal Modulation in HOTSPA PC-MRI Flow Encoding
The goal of a PC-MRI exam is to sample temporal FE signals in orthogonal spatial orientations. In a typical 4D PC-MRI exam, the FE phase in three orthogonal directions (i.e., x, y, and z) and the FC signal are required. For simplicity, we first consider a scenario in which only FE signal in two orthogonal directions are sampled. Without loss of generality, we suppose the FE directions areẽ 1 diagonal directions in the coordinate system spanned by the physical x -and y -axes. We further suppose the the velocity corresponding to a p FE phase (VENC) is the same for both FE directions, which is common in PC-MRI, and the physical x and y components of the velocity as a function of time are represented by V x ðtÞ and V y ðtÞ, respectively. Hence the velocity can be represented in vector form asṼ ðtÞ ¼ V x ðtÞ þî Á V y ðtÞ. In typical PC-MRI, the FE direction alternates in time betweenẽ 1 andẽ 2 . Forẽ 1 FE, the resultant phase accumulation caused by flow is shown in Equation [4] as follows:
Similarly, forẽ 2 FE, the resultant phase accumulation is shown in Equation [5] :
[5]
Note the V x ðtÞ portion of the velocity is encoded positively, regardless ofẽ 1 orẽ 2 FE; however, the polarity of V y ðtÞ velocity encoding is alternated betweenẽ 1 (24) , to a hypothetical composite time signal hðtÞ ¼ V x ðtÞ þ V y ðtÞ. Therefore, by applying a temporal Fourier transform to our measurements, which includes alternating FE directions, the spectrum for V x ðtÞ will be centered around zero frequency, whereas the spectrum for V y ðtÞ will be shifted by 1 2T , half of the frequency support (Fig. 2e ). Under our assumption so far that T 1 2B (in practice, this assumption is not valid, which will be discussed later in the paper), these two spectra will have no overlap and can easily be differentiated.
Asymmetric Spectra
Compared with the conventional PC-MRI, our temporal modulation scheme doubles the temporal sampling rate and spectral support in the frequency domain, and shortens the temporal footprint for each cardiac phase by 50%. Furthermore, for scenarios in which the two spectra require different spectral support, our temporal modulation technique can provide benefits in addition to the shorter temporal footprint, as it has the flexibility to asymmetrically allocate spectral support that is appropriate for each velocity component. We describe two such scenarios of asymmetric spectra in our HOTSPA PC-MRI.
Scenario 1: Two-Sided FE without FC
Let us consider the application of our temporal modulation approach to a conventional 2D PC-MRI experiment acquired with VPS ¼ 1, in which the FC and V z ðtÞ (through-plane component of the velocity) data are sampled in an interleaved fashion. Hence, the data for each cardiac phase is acquired within two TRs. We compare this with a two-sided FE strategy in which only the V z ðtÞ data are sampled with alternating FE polarity, as shown in Figure 2a . Such a 2D PC-MRI acquisition strategy is the same as the SVE technique (5). The phase for the acquired FE z signal f z ðtÞ is therefore f 0 ðtÞ þ f v;z ðtÞ for odd cardiac phases and f 0 ðtÞ À f v;z ðtÞ for even cardiac phases, where f 0 ðtÞ is the the FC background phase and f v;z ðtÞ is the signal phase associated with V z ðtÞ. Based on the aforementioned temporal modulation theory, if one performs a temporal Fourier transform of f z ðtÞ, there will be two separate spectra: 1) the spectrum for f 0 ðtÞ; which occupies the lower frequency (near DC) region; and 2) the spectrum of f v;z ðtÞ, which will be shifted by half of the spectral support because of the alternating 0-180 phase modulations (25) of the f v;z ðtÞ waveform. Based on previous studies (6), the FC background phase is not expected to change quickly over time; therefore, the spectrum for f 0 ðtÞ will have a narrower bandwidth compared with f v;z ðtÞ and requires a small spectral support. Figures 2a-2b demonstrates a simplified/extreme case in which the FC phase is constant during the cardiac cycle, which corresponds to a delta function in the frequency domain. In this extreme case, we can allocate the entire spectral support for V z ðtÞ (except the single delta function at zero temporal frequency). In this scenario, the fact that the FC and V z ðtÞ data require asymmetric spectral support enables our temporal modulation approach to double the temporal resolution for V z ðtÞ compared with conventional PC-MRI; however, in conventional 2D PC-MRI, one is forced to assign the same spectral support for both the FC and the FE z signal, despite the fact that the FC data do not require such a wide spectral support.
Scenario 2: Diagonal Velocity
In the example shown in Equations 4 and 5, suppose V y ðtÞ ¼ 0, i.e., the true velocity is along the direction of e 1 þẽ 2 (i.e., the physical x -axis), then the spectrum for V y ðtÞ requires no spectral support and the entire spectral support can be allocated retrospectively for the V x ðtÞ spectrum. In this case, the true temporal resolution is doubled for those voxels with this diagonal velocity or with velocity that is closely aligned along theẽ 1 þẽ 2 direction. This benefit is clear from the temporal sampling domain. Each FE datum, regardless of whether it is e 1 FE orẽ 2 FE sampling, effectively only samples V x ðtÞ, as V y ðtÞ does not contribute to these FE data; hence, each e 1 orẽ 2 FE datum should be treated as an independent cardiac phase, as is the case in our temporal modulation scheme. However, if the conventional PC-MRI processing was employed, each pair ofẽ 1 andẽ 2 FE data would have been forced to be lumped into a single cardiac phase that is twice as long, and the calculated V x ðtÞ would effectively be an average between the velocities at the time point ofẽ 1 andẽ 2 FE sampling. The same benefit is also achievable for voxels with velocity along theẽ 1 Àẽ 2 direction, i.e., the other diagonal velocity direction with nonzero V y ðtÞ and V x ðtÞ ¼ 0. In reality, the V x ðtÞ or V y ðtÞ velocities are typically not strictly zero. However, as long as one of them does not contribute significantly to the signal (i.e., the velocity direction is approximately along one of the two diagonal velocity directions), then we achieve improved temporal resolution using the temporal modulation. We note that even for velocities not along one of the two diagonal velocity directions, the temporal modulation technique still would be more accurate than conventional PC-MRI, because although both techniques would have the same spectral support for both directions, the temporal footprint of HOTSPA would be shorter.
Temporal Filtering
We now revisit the generic composite signal hðtÞ ¼ f ðtÞ þgðtÞ and the composite spectra Hðf Þ ¼ F½hðtÞSðtÞ. The two spectra Fðf Þ and Gðf Þ are completely separate with no overlap if T 1 2B . However, in PC-MRI, this Nyquist sampling condition is rarely satisfied in the strict sense, as the acquisition time available for PC-MRI, especially for 4D-flow, typically limits the sampling rate to below the true Nyquist rate. When
, which means spectra Fðf Þ and Gðf Þ will overlap each other to a degree that depends on T, we need to implement a temporal filter to best separate the two partially overlapped spectra automatically for each voxel. The goal of the filter is twofold: 1) for scenarios in which both spectra within Hðf Þ are comparable with respect to magnitude and bandwidth (eg, for voxels with velocity along theẽ 1 orẽ 2 FE direction), the filter needs to allocate approximately equal spectral support for the two spectra; 2) for either one of the "asymmetric spectra" scenarios in the previous section, the filter needs to allocate automatically a larger spectral support for the more significant component of the composite spectra.
There are many possible filter designs that can satisfy our requirement. In our present work, we empirically chose a Fermi filter Kðf Þ (17) that is centered at the higher peak of the composite spectra (Fig. 2b dash lines) :
In Equation [6] , the constant C controls the shape of the Fermi filter and we empirically chose C ¼ 0.22. f represents temporal frequency, and f 0 is the frequency corresponding to 50% of the full width half maximum (FWHM) for the Fermi filter (Fig. 2b) . In this work, the Fermi filter parameter f 0 was determined automatically on a voxel-by-voxel basis by the following steps: 1) Identify the maximum and minimum points in Hðf Þ : f max ¼ argmax f fHðf Þg and f min ¼ argmin f fHðf Þg ; 2) identify the set of points in Hðf Þ according to Equation [7] as follows:
o ; [7] 3) identify the following point from set C : f b ¼ ff 2 C j 8a 2 C : absðf À f max Þ absða À f max Þ ; and 4) Set the f 0 parameter of the Fermi filer Kðf Þ as f 0 ¼ absðf max À f b Þ and apply the filter to Hðf Þ centered around f max . When applying this temporal filtering technique to our HOT-SPA PC-MRI signal shown in Equations 4 and 5, the result of the filtering will be the spectrum for V y ðtÞ (higher peak in Fig. 2e) , and the residual spectrum after filtering will be the spectrum for V x ðtÞ (lower peak in Fig. 2e ). As the location of the f b point depends on the relative strength of the two partially separated spectra, our Fermi temporal filter is capable of adaptively allocating pass-band bandwidth for each spectrum on a voxelby-voxel basis without manual interference. In many vessel territories, one could orient the FE directions along two orthogonal directions that are 45 from the predominant blood flow direction to take advantage of the wider spectral support in these velocity directions. In comparison, conventional 4D-flow PC-MRI does not have this benefit, as the FE data in each of the three orthogonal directions, regardless of the actual blood flow direction and presence/absence of significant flow component in the x, y, and z direction(s), are forced to allocate the same spectral support corresponding to the temporal sampling period of 4 Â VPS Â TR.
HOTSPA 4D-Flow
We now put the aforementioned theory together and consider the HOTSPA 4D-flow MRI method shown in Figure  3 . For the VPS ¼ 1 case, each cardiac phase contains data from two TRs: one for the 6 FE z encoding and one for FE in two orthogonal directions in the x-y plane (i.e.,ẽ 1 and e 2 ). In the first step of the HOTSPA reconstruction, we separate the V z ðtÞ and background FC data f 0 ðtÞ by applying our temporal filtering to the 6FE z data only (as shown in Figs. 2a-2c ). In the second step, another temporal filtering is applied in the Vx-Vy composite spectra to separate FE x and V y ðtÞ data. Finally, the f 0 ðtÞ data are subsequently subtracted from the FE x data (as shown in Figs. 2f-2g) .
Although in this work we focus on validation of HOT-SPA for PC-MRI with three orthogonal FE directions, the same approach may be applied to four-point balanced PC-MRI sampling (i.e., tetrahedral M 1 space sampling). Typical four-point balanced PC-MRI sequentially acquires
We can apply HOTSPA in two separate stages. First we define the following four functions:
Hence, the four-point balanced PC-MRI samples the following flow waveforms:
f ðtÞ þ gðtÞ f 0 ðtÞ þ g 0 ðtÞ f ðtÞ À gðtÞ f 0 ðtÞ À g 0 ðtÞ
From the f ðtÞ þ gðtÞ and f ðtÞ À gðtÞ data, we can separate the spectra for f ðtÞ and gðtÞ using our HOTSPA temporal filtering; from the f 0 ðtÞ þ g 0 ðtÞ and f 0 ðtÞ À g 0 ðtÞ data, we can similarly separate the spectra for f 0 ðtÞ and g 0 ðtÞ. After we have solved for all four velocity waveforms, two additional HOTSPA temporal filtering can be appliedone for the alternating pattern of f ðtÞ ¼ f 0 þ f y and f 0 ðtÞ ¼ f 0 À f y to separate the f 0 and f y spectra, and the other filter for the alternating pattern of gðtÞ ¼ f z þ f x and g 0 ðtÞ ¼ f z þ f x to separate the f z and f x spectra. In the four-point balanced PC-MRI case, all of the aforementioned benefits of HOTSPA still hold.
METHODS
Our institutional review board approved this study. Informed consent was obtained from all study participants. All studies were performed on a 3 Tesla (T) scanner (Skyra, Siemens, Germany) using a 4-channel neck coil and 18-channel torso coil for in vivo studies. Eddy current correction was applied in all of the in vivo studies data sets by subtracting the phase images of a steady phantom, repeating scans with the same parameters from the in vivo scans.
Numerical Simulation
Numerical simulation was performed to study the accuracy of HOTSPA in comparison with conventional PC-MRI and the dependence of HOTSPA flow quantification accuracy on the angle w. between the flow direction and the physical x-axis. As shown in Figure 4a , we created a single 2D slice numerical phantom with elliptical stationary tissue (gray) and blood vessels (white). To simplify the simulation, we assume every voxel within the blood vessels has the same velocity, the blood only flows within the 2D imaging slice (i.e., no through-plane flow), and the velocity magnitude (in units of cm/s) strictly follows the Gaussian function in Equation [8] : [8]
In Equation [8] , t is the time in milliseconds within the simulated cardiac cycle of 1000 ms. We simulated the entire cardiac phase-resolved k-space data for a conventional 4D-flow sequence and our HOT-SPA 4D-flow sequence with the following parameters: TR/echo time (TE) ¼ 6/4 ms, VENC ¼ 200 cm/s, matrix ¼ 256 Â 176, and VPS ¼ 2 and 4. The simulated FE directions were physical x-and y-axes for the conventional sequence and the two diagonal directions in the x-y plane (i.e.,ẽ 1 andẽ 2 ) in the HOTSPA. The goal of our simulation is to study the dependence of peak velocity estimation accuracy on the following two factors: 1) the angle w ; and 2) the temporal offset between the true peak and sample points (5). To achieve this goal, we simulated 360 w angles (1  to  360 ) and temporal offsets within the range of 6 4*TR*VPS. For HOTSPA, we performed the aforementioned temporal filtering to separate the V x ðtÞ and V y ðtÞ signal, which were subsequently combined. For the simulated conventional 4D-flow k-space data sets, the conventional phase-contrast reconstruction was performed. The peak velocities calculated from these simulated k-space data sets were compared with the ground truth from Equation [8] . 
In Vivo Study
The HOTSPA acquisition strategy was implemented for a 3T MRI system (Skyra, Siemens Medical Solutions). Six volunteers (ages 27 6 3 years) were scanned at the common carotid arteries (CCAs) using two sequences: 1) conventional PC-MRI with 2D spatial encoding but with three FE directions plus the FC data, i.e., 2D FC/3FE; and 2) our HOTSPA strategy but with 2D spatial encoding, i.e., 2D HOTSPA. The sequence parameters are listed in Table 1 (instead of 90 ) relative to the longitudinal axis of the CCAs, so that the velocity has significant components in more than one direction (as shown in Fig. 5a ).
After the 2D study, six additional adult volunteers were scanned at the CCAs using the FC/3FE with 3D spatial encoding (i.e., 4D FC/3FE) and our HOTSPA sequence with 3D spatial encoding (4D HOTSPA). The sequence parameters are listed in Table 1 under "4D in vivo study (carotid)." The average total acquisition time of the two scans was 7 min 57 s (range: 6 min 54 s-9 min 5 s) for 4D FC/3FE and 7 min 24 s (range: 5 min 22 s-8 min 54 s) for 4D HOTSPA. For each 4D data set, three slices (slice 2, 4, and 6 along slab direction) were selected to compare the total volumetric flow and peak velocity measurements.
To demonstrate the benefits of our HOTSPA technique in the thorax, one additional volunteer was scanned at the ascending aorta using both the 2D FC/3FE and the 2D HOTSPA sequences. Both sequences were implemented with parameters listed in Table 1 under "2D in vivo study (aorta)." The imaging plane of each data set was perpendicular to the ascending aorta. The total acquisition times were 27 s for 2D FC/3FE and 16 s for 2D HOTSPA. The scan was acquired during a breathhold with prospective electrocardiogram gating.
RESULTS

Numerical Simulation
As shown in Figs. 4c-4f , the peak velocity estimation accuracy of HOTSPA and conventional FC/3FE were both dependent on the w angle and the temporal offset l. For 2-VPS simulation (Figs. 4c-4d) , for the entire range of temporal offset l and w angle, the peak velocity estimation errors ranged from À1.8 to À0.4% for HOTSPA and ranged from À7.0 to À1.5% for FC/3FE. When comparing the HOTSPA with FC/3FE 4-VPS simulation results (Figs. 4e-4f ), for all of the w and l combinations, the HOTSPA error was between À8.9 and À0.7%, whereas the FC/3FE error was between À23.9 and À6.9%. If we compare the HOTSPA and FC/3FE accuracy for any given l, the HOTSPA error was always smaller than FC/ 3FE, regardless of the w angle. The HOTSPA accuracy is greatly improved when w is within 6 15 around the physical x-or y-axes (i.e., c ¼ 0 ; 90 ; 180 ; 270 ). This is because these velocity directions correspond to the "diagonal velocity" in the aforementioned Scenario 2 and the HOTSPA Fermi filter automatically allocates a larger spectral support for these velocities, which translates to more accurate peak velocity magnitude estimation. For velocities that are approximately along theẽ 1 orẽ 2 FE direction (e.g., when c % 135 and m ¼ 0), the HOTSPA error was generally between 5 and 10%. We note that the HOTSPA error was also small (<5%) when the velocity is alongẽ 1 orẽ 2 and theẽ 1 orẽ 2 FE sampling falls on the ground truth peak location (e.g., when c % 45 and m ¼ 0 or when c % 135 and m ¼ 648 ms). This is because, although the Fermi filter does not allocate a larger spectral support for these velocities, the single FE sample itself would already be sufficient to provide accurate peak velocity estimation. Therefore, the HOTSPA technique is always more accurate than the conventional FC/3FE technique-regardless of the velocity direction. For certain velocity directions it is slightly better, and for certain other directions it reduced the peak velocity estimation error by several fold.
In Vivo Study
Figures 5b-5c show examples of through-plane mean velocity and peak velocity measurement (average and maximum within the vessel lumen, respectively) of the CCA comparing three different measurements: 1) the 1-VPS 2D FC/3FE (gray) with 25.12 ms temporal sampling period; 2) the 2-VPS 2D HOTSPA (blue) with 25.12 ms temporal sampling period; and 3) the 2-VPS 2D FC/3FE PC-MRI (red) with 50.24 ms temporal sampling period. The velocity measurements (both through-plane mean velocity and peak velocity) were similar between the 2-VPS 2D HOTSPA and the 1-VPS 2D FC/3FE, although the HOTSPA acquisition time was reduced by 50%. However, 2D FC/3FE with VPS ¼ 2 underestimated the peak velocity by approximately 15% because of its long temporal footprint and temporal sampling period. Across the six subjects, using the 2D 1-VPS FC/3FE as the reference, the bias of 2D HOTSPA was À0. -6b show an example of through-plane mean velocity and peak velocity in one slice of the 4D-flow data comparing two different measurements: 1) the 4-VPS 4D FC/3FE shown in red with 98.08 ms temporal sampling period; and 2) the 4-VPS 4D HOTSPA technique (blue) with 51.36 ms temporal sampling period. The 4D HOTSPA technique generated up to 40% higher peak velocity compared with standard 4D FC/3FE. As shown in Figure 6c Figures 7a-7b show the mean velocity and peak velocity measured at the ascending aorta in one volunteer. The 4-VPS 2D HOTSPA provided similar mean and peak velocity measurements with the 2-VPS 2D FC/3FE, although the HOTSPA acquisition time was only 50% of the FC/3FE. The total volumetric flow was 100.8 mL based on FC/3FE, and 102.5 mL based on HOTSPA (1.7% difference). The peak velocity was 102.4 cm/s based on FC/3FE, and 102.8 cm/s based on HOTSPA (0.4% difference).
DISCUSSION
In this work, we propose a new flow-encoding and velocity calculation strategy for 4D-flow MRI with improved temporal sampling period and reduced temporal footprint using temporal modulation of the flowencoding gradient waveforms. In our HOTSPA technique, the four acquisitions (FC and three FE directions) needed for conventional FC/3FE PC-MRI have been reduced to two acquisitions with alternating encoding polarities for two of the three orthogonal FE directions between two successive cardiac phases. This was feasible because the temporal modulation of the FE directions shifts the Fourier spectrum of the velocity waveform for the direction with alternating polarity, which enables separation of the spectra for all three FE directions using a temporal frequency filter. Conventional PC-MRI velocity calculations are typically performed separately for each cardiac phase, and recent k-t acceleration methods focus on performing a temporal modulation of sampling pattern in an undersampled k-t-space. To the best of our knowledge, this is the first study to examine a temporal modulation strategy for an undersampled M 1 space. Compared with conventional PC-MRI, HOTSPA has the following advantages: 1) It enables a 50% shorter temporal footprint for each cardiac phase, which translates to more accurate peak velocity measurements while maintaining the measurement accuracy for total volumetric flow; and 2) it permits a flexible temporal filter spectral bandwidth on a voxel-by-voxel basis to achieve better accuracy for certain velocity directions, whereas conventional PC-MRI effectively forces each FE direction to use the same spectral bandwidth, regardless of whether there is significant flow in that FE direction for a given voxel. Furthermore, the temporal filter bandwidth for each FE direction can be retrospectively determined for a given voxel, based on the actual acquired composite spectra for that voxel. It should be noted that HOTSPA can be combined with other acceleration methods, such as parallel imaging and compressed sensing, to further accelerate data acquisition.
The HOTSPA technique enables a more flexible choice of temporal sampling period. The temporal sampling period and footprint of HOTSPA is equal to 2*TR*VPS, whereas the conventional 4D-flow is equal to 4*TR*VPS. For example, in our 2D PC-MRI experiments, HOTSPA allows for 12.5, 25, 37.5, and 50 ms temporal sampling period and temporal footprint selection; however, conventional 2D FC/3FE PC-MRI can enable only 25 and 50 ms (or greater) choices. In a hypothetical application that needs a 40-ms temporal sampling period, the conventional FC/3FE would have to choose one VPS with a 25 ms temporal sampling period to maintain the measurement accuracy, whereas HOT-SPA would be able to use three VPS with 37.5 ms temporal sampling period.
Although the benefit of HOTSPA in two-sided FE without FC (Scenario 1) is clear, its benefit in flow encoding two orthogonal directions warrants further discussion. In these cases, the two spectra will likely overlap in practice and make it difficult to apply our filter without reducing temporal fidelity of the flow velocity data. However, overlapping spectra in our HOTSPA composite spectra indicates that a conventional PC-MRI acquisition with the same VPS does not satisfy Nyquist rate either and will suffer from similar loss in temporal fidelity because of frequency aliasing. Therefore, HOT-SPA should not do worse than conventional PC-MRI in this regard. In addition, regardless of whether the Nyquist sampling rate is satisfied, the temporal footprint of HOTSPA for each cardiac phase is 50% of conventional PC-MRI. Consider a HOTSPA acquisition with 25 ms temporal footprint for each cardiac phase and a conventional PC-MRI with the same VPS and 50 ms temporal footprint. In the conventional PC-MRI reconstruction, we treat the V x ðtÞ and V y ðtÞ encoding data as if they were acquired at the same instant within the long 50 ms window, whereas in fact they are not. Our HOTSPA recognizes this fact and treats the e 1 FE data as if they were acquired at an instant within 0-25 ms and the e 2 FE data as if they were acquired at an instant between 25-50 ms. This effect of shorter temporal footprint results in better peak velocity measurement accuracy using HOTSPA, and is reflected in our numerical simulation results shown in Figure 4 . Furthermore, for the diagonal velocity directions (Scenario 2), the HOTSPA provides more accurate peak velocity measurements as a result of our adaptive filter bandwidth. Our numerical simulation results in Figure 4 show that for voxels with these diagonal velocity directions, HOTSPA provides better accuracy by adaptively allocating a larger bandwidth for the dominant velocity. In these cases, the magnitudes of the two spectra differ greatly, such that the nondominating spectrum becomes negligible relative to the dominant spectrum and is irrelevant in our velocity calculationalthough it might have a large bandwidth and overlap with the dominant spectrum. In summary, our HOTSPA should always provide more velocity measurement accuracy compared with conventional PC-MRI, because of its shorter sampling period. For certain velocity directions, the accuracy benefit is greater than voxels with some other velocity directions, but the accuracy benefits are always obtainable regardless of the velocity direction.
Our work has limitations. First, because our main goal was to introduce the HOTSPA concept and demonstrate its preliminary feasibility, we did not thoroughly evaluate the velocity-to-noise ratio (VNR) of our technique, which is particularly important for calculating hemodynamic parameters such as pressure gradient and wall shear stress. We speculate that the HOTSPA VNR will be reduced by ffiffiffi 2 p fold (24) compared with conventional PC-MRI for the diagonal velocity case in Scenario 2. This is because the effective VENC along the velocity direction is multiplied by ffiffiffi 2 p as evidenced by the p ffiffi 2 p ÁVENC scale factor in Equations [4] and [5] . Nevertheless, the VNR aspect of the HOTSPA warrants further systematic study. Second, as a feasibility study, the current work lacks validation of the technique in different vascular territories. Third, our work is only tested in a small number of healthy volunteers and in vivo validation in patients with hemodynamic abnormalities and various forms of flow patterns need to be performed.
